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Hadronic Form Factors in QCD

 Fundamental issue: quantitative description of hadrons in terms of
underlying constituents

— Theory: Quantum Chromo-Dynamics (QCD) describes
strong interactions

— Degrees of freedom: quarks and gluons
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« Studies of the transition between short/long distance scales:
— Theory — Lattice, GPD’s, QCD inspired models

— Experiments — form factors, color transparency, quark
counting rules, nuclear filtering, duality



Pion Electric Form Factor F(Q?2)
and pQCD

F. can be calculated in pQCD at

very high Q2, scales ~1/Q2

F can be measured directly from

TT+e scattering (

S.R. Amendolia et

al., NP B277 (1986)) up to Q2~0.3

GeV?

No “free pion” target — to extend
measurement of Fy to larger Q2

values use “virtual pion cloud” of

the proton
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Extracting F,; from Pion
Electroproduction Data

W=1-Q2 + M2 + 2Mw /

reaction plane

« The lab cross section can be
expressed:

do
dEdQ.dQ.

d20' = dov 9, doLT dO'TT
dtde” dtde” dtd —I—\/28(8+1)d dq)COScpﬂJrsMCOSZq>1T

* In t-pole approximation:

102, (1) s Fars * In most analyses F, is extracted from
[T “mzj Q?FR(Q2 1) o_ data using a model incorporating pion
electroproduction ( we use VGL/Regge)




Comparison to VGL Model

F; was determined by comparing
o, to a Regge calculation by
Vanderhaeghen, Guidal, Laget
(VGL, PRC 57(1998)1454)

— Model parameters fixed from
pion photo-production, free
parameters: F_and F,

Fit to oL to model gives F; at each Q2

T. Horn et al., Phys. Rev. Lett. 97, 192001 (2006)
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» Note: pQCD calculations predict A_2~0.1 in this kinematic regime



nCT — pion electroproduction at
even higher Q2

During nCT experiment (see Xin’s HMS: 6 GeV
talk) also took m production data at —
high and low ¢ allowing for L-T
separation

— Q2=2.15, 4.0 GeV2

— Targets: LH2, LD?, 12C, 63Cu,
197Au — focus here is on H2,
further analysis of nuclear
targets underway

Exp Q2 w It] E,
(GeV?) (GeV) (Gev)? (GeV)
Fr1 | 0616 | 195 | 0.03-0.150 2.445-4.045
Fr-2 | 1.6,245 | 222 | 0.093,0.189 | 3.779-5.246 nCT. higher
Q2, larger -t

nCT 2.15,4.0 2.2 0.16-0.44 4.021-5.012 —




nCT Cross Section Extraction

» Compare experimental yields to
Monte Carlo of the experiment
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— Model for H(e,e'tr*) based on 3 S;LF I+
pion electroproduction data do] F
— Radiative effects, pion decay, LA o o =134 Gev?
. . 1 Al o W =227 GeV
energy loss, multiple scattering = 4 -01a5Gev

— COSY model for spectrometer
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« Extract o, by simultaneous fit using S S
measureé azimuthal angle (@)
and knowledge of photon
polarization (g).

d?c _. do_, do, do, do .
dtdo =€ did dtd(p+\/2£ £+1)dtdcpCOS(PTT+£—dtd<p0082(p1T



nCT — Analysis Issues

Typically place cut on W/Q2 to equalize phase space — cannot do
this here

Solution: central W/Q?2 from geometric mean of high/low € points
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nCT — cross section
W-dependence

07[ depends On W, _t, QZ VGL/Regge calculation: Q2=1.617, t=0.139

F.1 A=0.513

+ A=17

Cross section W-dependence
given by: (W2-M2)n
- F,.1/F,2 data suggest that a

n~2 is appropriate . +'\ Fr2 "’
3 \ &
nCT data were taken at central 2
W=22 Gev 1 — VGL/Regge (no scale)
— Relatively small sensitivity to o Tio e Tesge Wdspandencs fineartra)
Variations in VV’ ~1 % at 0 1.|9 2 2.1 wz.z 23 2.4 25
Q2=2.15 GeV?2

» W-dependence of o, makes sense — but what about —t and Q27



nCT — separated cross sections

t-dependence
VGL/Regge describes o, % 2 }\4\::
reasonably well g | ,

— Fit to the t-dependence
allows for extracting F,

o1 contributes significantly
at Q?2=4.0 GeV?2

Interference terms —0 as
Q2 increases
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Cross Section Models Constraints

« Both VGG/GPD and . Errors are statistical only
VGL/Regge models describe -

the Q2 dependence of the data 3
quite well s |

— VGG includes a g ‘
parameterization of Fx s |

- Data W|” pI’OVIde a wa?_ — VGL/Regge prel.dit.:tion E

constraint on models at -~ VQG/GPDprediction

h|gh QZ. — ——
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T. Horn et al., Phys. Rev. Lett. 97, 192001 (2006)



F+ Results including nCT

nCT new point consistent
with previous JLab data

— Gives confidence in the
data analysis

F. not asymptotic in this
kinematic regime

— Suggests soft
contributions dominate
over hard term at
accessible Q2 values
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Hard Scattering Picture

Hard gluon exchange
Same diagram

Hard scattering

N+4&

Hx&1H E(x.&1)
Hx &0 E(x,E,1)

Factorization: separate
soft/hard processes

— Essential for accessing
GPD'’s in exclusive
reactions

Factorization requirements:

- g ~Qf and g~Q38

— Similar predictions for LT
and TT

Onset of color transparency
F. is asymptotic



Scaling Behavior

. . . L = Fit: GL=A!QB - i =Fit: GL=NQE
« Asymptotic scaling predicts - T I B n=0.58
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» Result suggestive, but not sufficient for factorization test - need
higher energy — 12 GeV proposal



Compton Scattering Scaling

Predictions
ol . B 105 deg
* ' Expected scaling behavior
.l ; ' — Fixed 6*: do/dt ~ s™@),

do/dt (nb/GeV?)

M. A. Shupe et al., Phys. Rev. D19, 1921 (1979)

nhard(6) =@

Experimental fits are
consistent with the prediction
within the uncertainty

— But is this sufficient?
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Compton Scattering and Soft
Contributions

10

« Soft contributions can result in
VL | deviations from expected

_ scaling behavior (A.
: : Radyushkin, Phys. Rev. D58
1 ] (1998) 114008.)
] — Fixed 0*: do/dt ~ sn(®),
nhard(®) =@

do/dt (nb/GeV?)

0 ndata nsoft
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M. A. Shupe et al., Phys. Rev. D19, 1921 (1979)

do/dt ~ A s



Summary

nCT extends JLab separated pion electroproduction cross section
data set to Q2=4.0 GeV?

— Good agreement between extracted Fn values gives confidence
in data analysis

— Constraint on models at Q?=4.0 GeV?2 and higher -t

F. not asymptotic in this kinematic regime

— Suggests soft contributions dominate over hard term at
accessible Q2 values

Asymptotic scaling tests not sufficient for conclusions on
factorization

— not necessarily un-expected — see Compton scattering results
— need higher energies and longer lever arm — 12 GeV proposal
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